Direct monitoring of protein–chemical reactions utilising nanoelectrospray mass spectrometry  by Fligge, Thilo A et al.
Direct Monitoring of Protein–Chemical
Reactions Utilising Nanoelectrospray
Mass Spectrometry
Thilo A. Fligge, Ju¨rgen Kast, Kai Bruns, and Michael Przybylski
Fakulta¨t fu¨r Chemie, Universita¨t Konstanz, Konstanz, Germany
The feasibility of nanoelectrospray mass spectrometry (nanoESI) for the direct analysis of
protein chemical reactions and structural changes of proteins has been evaluated. Taking
advantage of the long spraying time and the capability of nanoESI for employing a wide range
of solvent conditions such as buffers and detergents, applications of monitoring reaction
pathways, and dynamics have been carried out with several peptides and proteins. The time
course of proteolytic digestions with trypsin and pepsin was investigated for several model
polypeptides, and nanoESI showed to provide an efficient tool for optimising digestion
conditions for the mass spectrometric peptide mapping analysis. Examples of specific protein
chemical modification reactions at arginine and tyrosine residues illustrate the feasibility of
nanoESI to monitoring reaction yields and modification sites for more than 180 min.
Furthermore, changes of the pattern of protonated molecules caused by temperature effects
and by protein unfolding due to disulfide bond reduction have been studied with the model
proteins cytochrome c and hen eggwhite lysozyme. The results indicate that nanoESI is an
efficient technique for the direct, molecular characterisation of protein–chemical reactions in
solution. (J Am Soc Mass Spectrom 1999, 10, 112–118) © 1999 American Society for Mass
Spectrometry
Since the introduction of electrospray ionisationmass spectrometry (ESI-MS) in recent years thismethod has contributed substantial progress to
the mass spectrometric structural characterisation of
biopolymers [1–5]. The mild ionisation mode in ESI-MS
enables the mass spectrometric analysis of biopolymers
in homogeneous solution under nearly physiological
conditions, and has recently been found suitable for the
characterisation of biomolecular complexes with nonco-
valent interactions [3, 5, 6]. Several applications to
structure-function studies of proteins have been re-
ported, such as the determination of epitope sequences
in antigen–antibody complexes [7, 8], characterisation
of chemically modified proteins [9–11], and the analysis
of proteolytic peptide mixtures (peptide mapping) [12–
14]. The application perspectives have been further
extended by the recent analytical development of ESI-
MS, as the charge state distributions provide informa-
tion characteristic of conformational changes and ter-
tiary structure states in solution [3–5].
Recently, nanoelectrospray (nanoESI) has been de-
veloped as a new electrospray ionisation variant follow-
ing a theoretical investigation into the ESI mechanism
[15]. NanoESI has been shown to be tolerant of the
variation of important solution parameters, while tak-
ing advantage of the long spraying time and consider-
ably reduced sample consumption, compared to con-
ventional ESI sources [16]. The nanoESI ion source
differs from conventional electrospray sources by its
solvent delivery mechanism providing several analyti-
cal advantages. The ion-formation model predicts a
dependence between the droplet size emitted from the
tip of the Taylor cone, and the flow rate used [16].
Lower flow rates lead to smaller droplets with favour-
able analytical properties. For example, the enhanced
surface-to-volume ratio makes a large proportion of
analyte molecules accessible to desorption and ionisa-
tion. The flow rate is established by the electrostatic
force and hence is independent of solvent delivery. The
nanoelectrospray has been found to be stable at flow
rates of 20–40 nL/min which appear to be lower than
an ESI maintained by a pumped system. Such low flow
rates provide significant advantages for the use of
buffers, detergents, and other co-solvents required for
the solubilisation of biopolymers [15, 17, 18].
We report here the utilisation of the nanoelectros-
pray source for the direct monitoring of protein–chemi-
cal reactions and time-dependent structural changes of
proteins using the advantage of spraying times for
longer than 180 min and to observe the reaction at any
step without the need for further sample handling.
Additionally, the nanoelectrospray source employed
[17] offers the possibility to heat the sample solution via
the temperature convection in the source while moni-
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toring the temperature in direct vicinity of the capillary.
Hence, temperature effects on charge distributions of
ions characteristic of the protein structure can be mon-
itored. In peptide mapping applications of nanoESI, a
variety of proteolytic conditions have been studied in
order to optimise the digestion in a rapid fashion. We
have studied the tryptic and peptic digestion of bovine
neurotensin and physalaemin due to the ease with
which these model peptides are digested to a few
defined products. As a further application, reaction
conditions of protein–chemical modifications were in-
vestigated for which no control of pH during the
reaction is necessary, such as tyrosine-iodination and
the modification of arginine residues with 1,2-cyclohex-
anedione (CHD). Furthermore, using dithiothreitol
(DTT) and b-mercaptoethanol (b-ME) as reducing
agents, the analysis of disulfide bond reduction has
been demonstrated by direct monitoring of the reduc-
tion process with the nanoESI source.
Experimental
Peptides and Proteins
The following commercially available peptides and
proteins were used without further purification from
Sigma (St Louis, MO, USA): angiotensin II (human),
cytochrome c (horse heart), hen eggwhite lysozyme,
neurotensin (bovine) physalaemin, pepsin, and trypsin
(bovine). Homogeneity of polypeptides was ascertained
by standard high performance liquid chromatography
(HPLC) techniques and by mass spectrometry (MALDI-
MS). Dithiothreitol, b-mercaptoethanol, and iodoacet-
amide were purchased from Merck (Darmstadt, Ger-
many) and Sigma. The reduced form of the peptide
BR40C (VPESSDPAAL KRARNTEAAR RSRARKLQRM
KQLEDKVEEC L-CONH2) was synthesised by solid
phase peptide synthesis (SPPS) using the Fmoc strategy
and the product purified by HPLC [19]. The cysteine
residues were converted to the cystinyl-dimer by air
oxidation.
Chemical Modification of Peptides
Iodination of tyrosine residues was carried out in 10
mM NH4OAc at pH 8 containing 10% methanol by
addition of an iodine solution (25 mM KI and 5 mM I2
in water) [14]. Different molar excess concentrations of
iodine were added to a 100 mM peptide solution yield-
ing a total sample volume of 20 mL. Modification of
arginine residues with CHD was carried out in 20 mM
ammonium borate buffer at pH 8 containing 10% meth-
anol [20]. Different molar excesses of CHD were added
to a 100 mM peptide solution yielding a total sample
volume of 20 mL. The reaction mixtures were briefly
centrifuged and immediately transferred into the nano-
electrospray capillary. A time delay of about 1 min was
employed due to sample handling between the start of
the reaction and the beginning of the nanoESI monitor-
ing.
Proteolytic Digestion
Tryptic digestion of the peptide substrates was carried
out at different pH values in 10 mM NH4OAc contain-
ing 10% methanol. Additionally, proteolytic digestion
with pepsin was carried out in 2% acetic acid containing
10% methanol. The enzyme: substrate ratios varied
from 1:10 to 1:100. The substrate was dissolved in a
thermostated buffer solution (37°C) and the appropriate
amount of enzyme was added to start the proteolytic
digestion. The total sample volume was 10–20 mL with
a peptide concentration of 100 mM. Before transfer into
the ESI capillary the reaction mixture was briefly cen-
trifuged. The ESI monitoring generally was started one
minute after the combination of the reaction compo-
nents.
Reduction of Disulfide Bonds
Reduction of disulfide bonds was carried out with 2 mg
of protein at different pH values in a total sample
volume of 20 mL in 10 mM NH4OAc containing 10%
methanol. Stock solutions of dithiothreitol and b-mer-
captoethanol were added in different molar excess to
the peptide solution.
NanoESI Mass Spectrometry
ESI mass spectra were obtained using a Vestec A201
quadrupole mass spectrometer (Per Septive Biosystems
Framingham, MA, USA) [21], fitted with a self-built
nanoESI source as previously described [18]. Microcap-
illaries were manufactured using borosilicate glass cap-
illaries of the type GC120F-10 from Clark Electromedi-
cal Instruments (Pangbourne, UK), which were pulled
with a microcapillary puller P-97 from Sutter Instru-
ment Co. (Novato, CA, USA) in a two step cycle [17].
The capillary is generally loaded with 0.5–5 mL of
sample solution by dipping the capillary tip into the
sample solution, in order to avoid plugging due to
solvent impurities. For fast sample loading, a plastic
syringe (Omnifix, 10 mL, B. Braun, Melsungen, Ger-
many) was fixed to the end of the capillary via a plastic
tubing to load the sample solution into the capillary.
The loaded capillary was fixed in a metal mounting and
then pushed forward into the ion source region. The
voltage at the capillary tip was manually adjusted to
1.1–1.3 kV. The declustering potential typically was set
to values below 20 V.
Results and Discussion
Temperature-dependent processes in protein chemistry
are of great interest for the investigation of protein
thermodynamics including temperature-induced con-
formational changes which may lead to changes of
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binding characteristics in protein–protein interactions
[22, 23]. A further area of interest is the thermostability
of proteases, as well as the temperature dependent
digestion properties of thermostable proteolytic en-
zymes [24]. Temperature-induced effects have been
previously studied by continuous flow ESI-MS with a
thermostated capillary heater [14, 25]. The nanoESI
source employed in the present study enabled the
control of the temperature via a thermostatic bath
capable of cooling and heating the source region in a
temperature range of 35–70°C. The temperature in the
direct vicinity of the nanospray capillary is monitored
with a thermocouple thus providing suitable conditions
to study temperature-dependent equilibria such as in
the formation of supramolecular complexes and in
conformational changes [17]. The changes of the charge
state distributions [3] of horse heart cytochrome c
reflecting conformational changes at different tempera-
tures were investigated as illustrated in Figure 1. A shift
of the charge state distribution of ions from low-charge
protonation states to higher charge states was observed
upon increasing the temperature from 35 to 65°C,
indicating a gradually unfolded conformational state.
Cooling of the same solution in the ion source again
provided the charge structure with less protonated
molecular ions, indicating the conformational change of
cytochrome c to be reversible under these solvent and
temperature conditions. The temperature range em-
ployed here complements previous results by Mirza et
al. [25] who found an irreversible conformational
change of bovine cytochrome c upon heating to 90°C.
By contrast, previous studies of the conformation-de-
pendent dimerisation of a-helical, “coiled-coil” leucine-
zipper peptides [3, 26] showed a constant ratio of
dimer/monomer signals in a temperature range of
35–70°C.
Proteolytic digestion in combination with ESI and
MALDI mass spectrometric techniques has become a
widely used tool for the characterisation of peptides
and proteins [12, 14, 27]. The digestion conditions play
an important role and in many cases must be optimised
for particular applications (e.g. to obtain complete pro-
teolytic degradation for sequence verification and pro-
tein identification in sequence data bases [28, 29] or
partial selective cleavage in tertiary structure-function
studies [26]). Important reaction parameters to be ad-
justed are reaction time, enzyme:substrate (E/S) ratio as
well as solvent parameters such as pH and organic
co-solvents. Using the nanoelectrospray capillary as a
microreaction system, proteolytic digestions were car-
ried out with the model peptides bovine neurotensin
and physalaemin at defined solution conditions and the
reactions were monitored as illustrated in Figure 2 for
the tryptic digestion of neurotensin. The digestion was
started by adding the protease in a separate reaction
tube to the peptide which was immediately transferred
into the nanospray capillary (see Experimental). ESI-MS
measurements were started approximately 1 min later
and the proteolysis was monitored for up to 180 min,
using the intensities of peptide fragment ions relative to
the educt ions (Figure 3). The correlation of ion inten-
sities for intact peptides and digestion products was
tested in control experiments over the range of peptide
concentrations used (6–100 mM) and was found to be
linear and unaffected by other peptides in the digest.
Similar ion intensities were observed for equimolar
concentrations of the intact peptide and its digestion
products, indicating the feasibility of ESI-MS for a
semiquantitative estimation of ion-intensity ratios.
Hence, for the present model peptides, a decrease in
digestion rate was observed with decreasing pH, and
increased enzyme:substrate ratios led to a rate increase
up to complete tryptic digestion within a few minutes
(Figure 3). Likewise, digestion of model peptides with
pepsin at acidic pH enabled monitoring of proteolytic
peptides up to complete degradation within 80 min
(data not shown).
The combination of chemical modification and mass
spectrometric peptide mapping has been successfully
investigated in structure-function studies of proteins. A
number of amino acid specific modification reactions
has been employed such as amino-acylation and -suc-
Figure 1. Change of molecular ion charge distributions of horse
heart cytochrome c as a function of solution temperature in the
nanoESI capillary. (A)–(C) temperature increase 35–65 °C; (D),
cooling to 50 °C. Solutions of cytochrome c (8 mM) were prepared
in 2% acetic acid containing 10% methanol.
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cinylation [11], tyrosine-iodination, and -nitration [14,
30], the modification of Arg residues by CHD [20, 31],
and the intermolecular cysteine modification by the
bifunctional arsonous acid reagent melarsen [14]. Mod-
ification reactions of arginine by CHD and tyrosine by
iodination with KI/I2 were studied with model pep-
tides in ammonium-borate and -acetate solutions at pH
8. For the arginine modification the peptide solution
was mixed with the reagent solution and immediately
transferred into the nanospray capillary and the course
of reaction monitored for 120 min as shown in Figure 4
for the modification of angiotensin II. A single, specific
formation of the Arg-1,2-dihydroxy-cyclohexylidene
(DHCH) adduct (Figure 4) was found at different molar
excess concentrations of CHD with increasing concen-
trations yielding increasing reaction rates. The charge
distribution of [M 1 H]1 and [M 1 2H]21 ions for the
DHCH-modified peptide was similar to that of unmod-
ified angiogensin II, indicating that two protonation
sites are still available despite the modification of the
arginine side chain. The nanoESI analysis of the iodina-
tion of the same peptide showed one- and twofold
iodination at the tyrosine-residue depending on the
molar excess of KI/I2 used [14]. Additionally, the for-
mation of potassium adduct ions was observed due to
the reagent solution (25 mM KI/5 mM I2) employed.
Folding and unfolding processes are further exam-
ples of crucial importance for the structure, biochemical
properties, and reaction dynamics of proteins, and a
Figure 2. Time-dependent nanoESI mass spectrometric analysis of the tryptic digestion of bovine
neurotensin (60 mM). The spectra were obtained in 10 mM NH4OAc/MeOH (9:1 v/v) at pH 6; the
enzyme:substrate ratio was 1:100.
Figure 3. NanoESI mass spectrometric monitoring of the pH
dependence of the tryptic digestion of bovine neurotensin (60 mM)
in 10 mM NH4OAc/MeOH (9:1 v/v).
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number of studies have dealt with corresponding reac-
tions involving the formation of cystinyl-disulfide
bonds [32–34]. The possibility of using a wide range of
solution conditions and buffers enables the study of
reactions using reducing agents such as DTT and ME
with the nanoelectrospray source. The direct monitor-
ing of the reduction of the intermolecular disulfide
bond of the synthetic peptide BR40C comprising a
leucine zipper DNA binding region is shown in Figure
5 using a temperature in the source region regulated to
45°C. With a 100-fold molar excess of DTT, a complete
reductive cleavage within 15 min was monitored, which
is clearly shown by the completely diminished ion
signals with odd charges of the disulfide dimer, [M 1
7H]71 and [M 1 9H]91. Due to the conversion of the
cysteine residues to the cystinyl-dimer a partial oxida-
tion of the methionine residues takes place contributing
to the broadness of the individual peaks. To ascertain
that the reduction of a covalent disulfide bond and not
merely the dissociation of a noncovalent dimeric com-
plex was observed, a 220-fold molar excess of the
alkylating agent iodoacetamide was added with and
without the presence of DTT. The addition of iodoacet-
amide to the DTT-containing peptide solution yielded
the molecular ions due to a single mono-carboxam-
idomethylated product (Mr, 4794 Da; not shown),
whereas no reaction was observed upon addition of
alkylating agent to the DTT-free solution.
As a further example the reductive unfolding of
native hen eggwhite lysozyme by b-mercaptoethanol
was analysed. The reduction was carried out in ammo-
nium acetate-buffered solution at pH 8 with different
molar excess concentrations of ME and the temperature
in the source region was maintained at 40°C (Figure 6).
The change of the molecular ion charge distribution
was clearly observed by nanoESI-MS over a reaction
time of 30 min. At the beginning of the reduction the
eight- and ninefold protonated ions of the native pro-
tein are predominant, whereas with increasing reaction
time a characteristic shift to abundant molecular ions
with high charge states is observed indicating unfold-
ing of the protein due to the disulfide reduction [3].
Conclusions
In the present study, several application examples have
been shown for the direct monitoring of protein–chemi-
cal reactions and dynamic processes of proteins by
Figure 4. NanoESI mass spectra of the arginine modification in human angiotensin II (95 mM) with
1,2-cyclohexanedione. The molar reagent:substrate ratio was 200:1 in 20 mM ammonium borate buffer
at pH 8 containing 10% methanol.
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nanoESI mass spectrometry. The nanoESI source has
been found particularly suitable for such applications
because of its capability of providing long measurement
times with very small (,1 mL) sample volumes and
using different solution conditions including buffers
and detergents [17, 18]. For example, the evaluation and
optimisation of solution conditions and reaction param-
eters for proteolytic degradation such as enzyme to
substrate ratio, organic co-solvents, pH, temperature
can be readily performed by nanoESI-MS. The time
course and yield of digestion can be directly monitored
at any step of the reaction without the need for further
sample handling. For mass spectrometric peptide map-
ping of complex peptide and proteins the in situ iden-
tification of preferential digestion sites during the reac-
tion will be a further advantage.
A particular advantage should be the application of
direct nanoESI mass spectrometric monitoring to the
time course of chemical modification reactions of pep-
tides and proteins, due to the wide range of reaction
conditions frequently required. Since in many chemical
modification reactions a mixture of partially modified
products is formed, the time-resolved analysis of initial
modification sites will be particularly useful for struc-
ture-function studies. The results of the presented study
suggest that the nanoESI source in combination with
the described approach is well suited to the approxi-
mate characterisation of reaction kinetics. In combina-
tion with tandem-MS analysis, this technique should be
a powerful tool for the molecular identification of
multiple modification sites during the modification
reaction which often are extremely difficult to identify
with classical techniques [35]. Moreover, the recently
explored feature of ESI-MS, that changes of protein
solution structures are reflected by the characteristic
changes of multiply charged ion structures [3] makes
the nanoESI source an attractive tool to directly study
conformational changes, such as in folding–unfolding
equilibria. As illustrated by the model studies of disul-
fide reduction nanoESI-MS should provide an efficient
complement to spectroscopic techniques in such appli-
cations.
Figure 5. NanoESI mass spectra of the reduction of the synthetic peptide BR40C (10 mM) with a
100-fold molar excess of dithiothreitol at various reaction times (A)–(D). The spectra were obtained in
10 mM NH4OAc at pH 6 containing 10% methanol at a sample temperature of 45 °C. The closed
squares denote the intact, disulfide-bridged peptide the closed circles denote the reduced peptide,
respectively. Signals marked with both icons are assigned to both the oxidised and the reduced
peptide.
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Figure 6. NanoESI mass spectra of the reduction of hen eggwhite
lysozyme (14 mM) with a 25 3 103-fold molar excess b-mercapto-
ethanol/cysteine at various reaction times. The spectra were
obtained in 10 mm NH4OAc/MeOH (9:1 v/v) at pH 8 and a
solution temperature of 40 °C.
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